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OPHTHALMIC SURGERY METHOD USING 
NON-CONTACT SCANNING LASER 

This application is a continuation-in-part application of 
Ser. No. 07/985,617, filed Dec. 3, 1992 now abandoned 5 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 

The present invention relates to laser ophthalmic surgery 10 
using a compact, low-cost, low-power laser system with a 
computer-controlled, non-contact process and corneal 
topography to perform corneal reshaping using either cur- 
face ablation or thermal coagulation. 

2. Prior Art is 
Various lasers have been used for ophthalmic applications 

including the treatments of glaucoma, cataract and refractive 
surgery. For non-refractive treatments (glaucoma and cata- 
ract), suitable laser wavelengths are in the ranges of visible 
to near infrared They include: N±YAG (1064 run), 
doubled-YAG (532 nm), argon (488, 514 nm), krypton (568, 
647 nm), semiconductor lasers (630-690 nm and 780-S60 
nm) and tunable dye lasers (577-630 nm). For refractive 
surgeries (or corneal reshaping), ultraviolet (UV) lasers 
(excimer at 193 nm and fifth-harmonic of Nd:YAG at 213 25 
nm) have been used for large area surface corneal ablation 
in a process called photorefractive keratectomy (PRK). 
Corneal reshaping may also be performed by laser thermal 
coagulation currently conducted with Ho:YAG lasers using 
a fiber-coupled, contact-type process. However, the existing 30 
ophthalmic lasers as above described have one or more of 
the following limitations and disadvantages: high cost due to 
the high-power requirement in UV lasers for photorefractive 
keratectomy; large size and weight; high maintenance cost 
and gas cost (for excimer laser), and high fiber-cost for 35 
contact-type laser coagulation. 

In light of the above, it is an object of the present 
invention to provide ophthalmic laser systems which offer 
the advantages of: low-cost, reduced size and weight, rcli- 
ability, easy-operation and reduced maintenance. Another 
object of this invention is to provide a conir«iter-controlled 
scanning device which enables use of a low-cost, low- 
energy laser for photorefractive keratectomy currently per- 
formed only by high-power UV lasers, ^ 

It is yet another object of the present invention to provide 
a refractive laser system which is compact, portable and 
insensitive to environmental conditions (such as vibration 
and temperature)* This portable system may also be used for 
a mobile clinical center where the laser is transported by a ^ 
van, It is yet another objective of the present invention to 
provide a non-contact process for corneal reshaping using 
laser thermal coagulation, where predetermined corneal 
correction patterns are conducted for both spherical and 
astigmatic changes of the corneal optical power. $s 

Tne prior 13 A Pat No, 4,784,135 to Blum, et aL and 
assigned to IBM leaches the first use of far ultraviolet 
irradiation of a biological layer to cause ablative photode- 
composition. This patent teaches that using a laser beam 
bousing ft wavelength of 193 nm and an energy level of *o 
much greater than 1 0 ml/cuAjpulse can be used to photoa- 
blate corneal tissue without the buUd up of excess heat. The 
present invention on the other hand uses a process that 
allows the use of energy levels of less than 10 mJ/pulse In 
a process that still allows photoablation. £5 

lucre are several prior art ILS. Patents relating to refrac- 
tive surgery, or photorefractive tar atccto m y. A UV solid- 
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state fifth-harmonic of Nd:YAG (or NcV.YLF) laser at 213 
nm (or 210 nm) f is disclosed in U.S. Pat No. 5,144,630 by 
the inventor, J. T. Lin. U.S. Pat No. 4,784,135 suggests the 
use of a UV laser with wavelengths less than 200 nm, in 
5 particular Argon Fluoride (ArF) laser at 193 nm, for non- 
thermal photoablatiou process in organic tissue. Devices for 
beam delivery and methods of corneal reshaping are dis- 
closed in U.S. Pat No. 4,838,266 using energy attenuator, 
and U.S. Pat No. 5,019,074 using an erodible mask. Tech- 
l0 niques for corneal reshaping by varying the size of the 
exposed region by iris or rotating disk are discussed in 
Marshall et a!, "Photoablative Reprofiling of the Cornea 
Using an Excimer Laser Photorefractive Keratectomy" Vol. 
1, Lasers in Ophthalmology, pp. 21-48 (1986). Tangential 
corneal surface ablation using ArF excimer laser or harmon- 
15 ics of Nd:YAG laser (at 532 and 266 nm) is disclosed in U.S. 
Pat No. 5,102,409. 

This prior art however requires high UV energy of 
(100-300 mJ) per pulse from the laser cavity or (30-40) mJ 
20 per pulse delivered onto the corneal surface, where large 
area corneal ablation using a beam spot size of about (4-6) 
mm which gives an energy density of (120-200) mJ/cm 2 * 
Moreover, the prior art Argon Fluoride excimer lasers oper- 
ate at a repetition rate of (5-15) Hz and also limit the 
^ practical use of the tangential ablation concept which takes 
at least (5-1 0) minutes for a -5 diopter corneal correction in 
a 5-mm optical zone. The high energy requirement of the 
currently used Argon Fluoride excimer laser suffers the 
problems of: high-cost (in system, erodible mask and gas 
30 cost), high-maintenance cost, large size/weight and system 
are sensitive to environmental conditions (such as tempera- 
ture and moisture). 

The prior L'Esperance patent, U.S. Pat No. 4,665,913, 
disclosed the method of a scanning laser for corneal reshap- 
35 ing. The proposed concept of this prior art, however, had 
never been demonstrated to be practical or to achieve the 
desired clinical requirement of smooth ablation of the cor- 
neal surface. This prior art is not practically useful and had 
not ever been demonstrated to be real because of the 
40 conditions in the art A high-power laser of (100-200 mJ) is 
required in the prior art in order to obtain a useful beam with 
a substantially square spot size of (L5X0.5 mm (see prior art. 
Got. 3, line 65 and Cot 4, lines 1-14) due to the low 
efficiency of obtaining such a beam* and which further 
45 requires a substantially uniform density (see CoL 13, line 30 
and Cot 15* line 25). lb achieve myopic correction, for 
example, the prior art (Got 1 3, lines 61-66 and CoL 15 lines 
60-65) proposes a smooch laser density increase with 
Increasing scanning radius under the condition that a sub- 
50 stanfially uniform density of the scanning beam isTcquired 
for a substantially uniform scan area (Cot 15, lines 20-28 of 
L'Esperance). I^trthermore, L'Esperance teaches (CoL 4, 
lines 40-50) that a depth of 0.35 mm in an area, of 6 mm 
diameter might be achieved In about 15 seconds when a 
55 beam spot of 0.5x0.5 mm is used and each pulse ablated 14 
microns. The prior art proposes the method of having 
individual square beams (0.5x0.5 mm) scan to the fashion of 
exact matching of the square boundaries to cover the area of 
6 mm, where the overlap among these individual beams 
30 should be avoided, otherwise excessive ablation near the 
boundaries of each 0.5x0.5 mm spot causes ridges. This is 
also part of the reason that the prior art requires a substan- 
tially square section of the individual beam with a substan- 
tially uniform density, 
65 The L'Esperance tLS. Pat No. 4,665.913 requires a 
complex apparatus to select a section of the beam which is 
substantially uniform in density within a substantially 
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square spot "dot". The overall efficiency would be less than 
10% from the output of the laser window to the corneal 
surface and requires, where a high power (at least 100 mJ) 
excimer laser than will - be required than the Blum, et aL 
patent It is almost impossible to match exacdy the boundary 5 
of each, square beam to achieve, a substantially uniform 
scanned area. even., if each Individual beam is . perfectly 
uniform andsquare in shape and the smooth increase of the 
radius of scanned areas to obtain, for example* a myopic 
correction profile* would still be almost impossible to 
achieve for an overall smooth corneal surface; She succes- 
sive* sweep* of the scan areas would- always leave ridges 
between these sweeps; It should' also be noticed. that in 
L'Esperance** patent (Col. 18, lines 10-28) uses overlaps, 
between each\of the scanned areas . to obtain the desired 1 
ablationvprofiles of myopic (or other) conrctfons. However, - t5 
the ridges between each of the successive ablated areas are 
very difficult to av/didif within each smarmed areajhe ablated 
profiles .arc not substantially uniform. In. fact, . One should 
expect a very rough surface o%thesc^ d>lated 
addition to^the regular .ridges t&wecnwch overlapped M 
zones. One of the problems found feuhese teachings is mat 
each required Individual ablated arca.be substantia . 
form and in a round or square shape, which , is very difficult 
to achieve even if * periectiy-iraiforp, square portion of a 
fundamental beam is produced using: a complex apparatus 25 
for beam, reshaping and having (he-high initial power. 

It is not clear, mat L'Esperance has found a suitable 
scanning* method, or an . effective method -of .selecting a . 
perfect beam (with imifofm density and well-defined shape) „ 
which would overcome the above-described difficulties and 
make, the proposed teaching become practical in cost and 
design for any clinical uses* In fact, L'Esperance' s scanning 
method has also been, challenged by another prior art of 
Mullet; US. Pat No. 4,856,513, where the difficulties and 35 
problems: of L'-Esperancc's teachings are discussed (see Col. 
% lines 1-40 of Mailer's patent). 

It is therefore a further object of the present invention Jo 
provide a method and apparatus fpr corneal reshaping by 
using software-driven, new scanning .patterns which do not 40 
requite substantially, uniform density or a specific, spot 
shape; Ctratrary to 

that the^fi should be a perfect |x>undary match among each 
square beams and mat excessive overlap should be avoided, 
the present invention- proposes .that a large portion 45 
(50%-80%) of overlap among, the individual be$ms is 
necessary in order to achieve uniform ablated areas and a 
smooth profile without ridges* Furthennore, a low-power 
UV laser X0.1-2mJ on corneal surface) at tt*. bare-beam . 
(having typically « 34op profile) without any beam reshap- 50 
lag is sufficient to achieve a smooth ablation surface based 
oh the method proposed in the present invention; where 
cotnputerrcontroUcd beam . overlap and orientation, are 
employed. In addition to the surface quality problems, it is 
also impossible for L'Esperance to achieve any meaningful 25 
clinical resuks using his prpposed techniques based on the 
present low-energy laser of C&-4) mJ fcom toe output laser 
window and (a 1-2) mJ on corneal surface. 
Therefore, another -object of the -present invention is to 
. provide a new method of beam scanning which combines 60 
beam overlap and orientation for a random beam density 
distribution on toe ablated corneal surface such that the 
individual beam -profiles are not critical, where the focused 
beam (spot size of ai-L2mm) uses very low energy (OJ-2 
ml) and at . its bait-profile is delivered onto the corneal 65 
surface in an averaged fashion. Uniform* near flat-top 
ablated arearof (1-9 mm in diameter) can be performed by 
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the nonuniform starting-beam, but only when a set of 
specific predetermined overlap and orientation parameters 
are used. Portions of the theoretical background was pub- 
lished by the inventor* J, T. Lin, .in SPIE Pro. vol 1644, 
5 Ophthalmic Technologies H (1991), p.p. 26S-275. 

One of the essential feature, of the present invention for 
the photorefractive keratectomy process is to use a scanning 
device in a laser system which has high repetition rates, 50 
to 50,000 Hz, but requires less energy, ranging between 
10 0,05-lOTrJperpulsfc.or about lOtbl^ 

of the prior art This. new concept enables one to make the 
refractive lasers at a lower cost, smaller size and with less 
weight ffiy a factor of 5-10) than that of prior art lasers. 
Furthermore, these compact lasers of the present invention 
is are portable and suitable for mobile dinical uses./Ih achieve 
beam uniformity and ■ fast refractive surgery (30 to 60 
seconds), a -mathematical model of the beam overlap and 
ablation . speed is also, disclosed in the present invention. 
For the laser mermo-keratopksty (LTK) process, the prior 
20 art use? fiberncouplod contact-type procedure which 
involves the following drawbacks: (i) slow processing speed 
(typically a few minutes to' pcrforrh eighwpot coagulation) 
which causes the con-uniform collagen shrinkage zone; (ii) 
circular coagulation zone which limits the procedure only 
15 for spherical type correction such as hyperopia; and Qii) the 
, contact fiber-tip must be replaced in each, procedure. 

In the present invention, a computer-controlled scanning 
. device is able to perform the laser thermokeratoplasty pro- 
3Q ccdure under a non-cdntact mode and conduct the procedure 
many times faster than that of the prior contact-procedure 
and without cost for a fiber-tip replacement. Furthermore the 
coagulation patterns can be computer predetermined for 
specific applications; in both spherical and astigmatic- cor- 
35 rections. the flexible scarining patterns will also offer uni- 
form and predictable collagen shrinkage. . 

For ophthalmic applications, it is another objective of the 
present invention to include but not limited to photorefrac- 
tive keratectomy, laser mennokeratoptasry, epikeratoplasty, 
40 mtrastrornaphotokeratectomy (IPK), phototherapeutic kera- 
tectomy (PTK), and laser-assisted keratomileusis (LAK). 

SUMMARY OF THE INVENTION 

45 The preferred embodiments of .the basic ophthalmic sur- 
gery method uses a laser system for the ophthalmic surgery 
process, including: (1) a diode-pumped solid-state lasers of 
NdiYAG or jtfd-'YLi 7 which is frequency-converted by non- 
linear crystals of KTP (potassium titanyl phosphate), LBO 
50 (h'thium triborate), KNb03 (potassium niobate) and BBO 
(beta barium borate) into the fifui-harmonic^t wavelength of 
213 nm or 210 run with energy of 0.01 to 5.0 mJ; (2) a 
compact, low-cost, low-power (energy of 1 to 10 mJ per 
pulse) argon fluoride- exdmcr laser at 193 nm; (3) a fre* 
55 quency-convcrted Alexandite or U:SAF or diode. lasers at 
(193-220) nm; (4) a compact, low-cost, Q-switched EnYAG 
laser at 2.94 microns; (5) a free-nirwing Ho:YAQ (at 2.1 
micronsj or Er glass , (at 134 microns) or diode laser 
(1.9-23 microns); (6) ultrashort pulse IR laser (750-1100 
«o nm) and (7) mid-IR (23-3.2 microns) laser generated from 
optical pararnctric. osculation* 

According to one aspect of (he present invention, the 
ibove-described basic lasers includes UV-lasen (193-215 
nm) and IR-laser (13-3.2 microns) .which are focused into 
65 a spot size of (0:05-2) mm in diameter, where laser energy 
per pulse of (0.01-10) ml is sufficient to -achieve the 
photo-ablation threshold (PA?}caergy density of 50 to 600 
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mJ/cm 2 depending upon the laser parameters (wavelengths 
and pulse duration) and tissue properties (absorption and 
scattering). The prior art excimer laser uses large beam spot 
ablation (4-6 mm) and require much higher laser energy 
(100-300 mJ) than the low-power lasers presented in this 5 
invention. In the present invention, a scanning, non-contact 
device is used to control the low-power laser for corneal 
diopter change, whereas diaphragms or masks are used in 
the high-power, high-cost excimer lasers, and contact, fiber- 
tip is used in the photo-coagulation procedure. l0 

In another aspect of the present invention, a mathematical 
model is presented according to the optimal beam overlap 
for beam uniformity and fast procedure and scanning pat- 
terns for refractive corrections of myopia, hyperopia and 
astigmatism. For high-repetition lasers (50 to 5,000 Hz as is 
proposed herein), refractive procedures may be completed in 
20 to 60 seconds (depending on the diopter corrections) in 
the present invention, where scanning speed is' only limited 
by the laser repetition rates. 

A thrice-dimensional translation device On X, Y and Z) is 20 
integrated into the above laser systems, where the laser 
heads are compact and light-weight and can be steered to the 
corneal center by the translation stages. The prior art high- 
powered excimer laser systems are stationary and require a 
motorized chair for corneal concentration. Beam steering 25 
and scanning is very difficult for these high-power, heavy- 
weight excimer lasers. 

In yet another aspect of the present invention, a free- 
running Ho:YAG ( at Zl microns) or Englass (at 1.54 
microns) or diode (1.9-3.2 microns) laser delivers a beam by 30 
a fiber waveguide and coupled to a scanning device for 
non-contact procedure for laser thennokeratoplasty (LTK), 
where optimal scanning patterns for corneal coagulation are 
performed for both spherical and astigmatic corrections. 

In yet another aspect of the present invention, the above- 35 
described laser system provides an effective, low-cost tool 
for procedures of synthetic epikeratoplasty (SEK), where the 
artificial lens is sculpted with the laser to optimize lens 
curvature without causing problems of corneal haze and 
corrective regression. Real corneal tissues may also be 40 
sculpted and impl a nt ed by the above-described laser sys- 
tems, a procedure known as laser myopic keratomileusis 
(MKM). Furthermore the UV and IR lasers disclosed in the 
present invention p rovide an effective tool for photothera- 
peutic keratectomy (PTK) which is currently conducted by 45 
high-power excimer lasers and the procedure conducted by 
diamond-fanfe called radial keratototny (RK). Ms proce- 
dure conducted by UV or IR lasers is called laser radial 
teatotomy (LRK). The fundamental beam at 1064 or 1053 <n 
nm wavelength of the present invention may also be used for 
the intrastcoma photorefractive keratectomy (TPK), where 
the laser beam is focused into the intrastroma area of the 
corneal and collagen tissue are disrupted. 

The ophthalmic applications of the laser systems 55 
described in the present invention should include photore- 
fractive keratectomy, phototherapeutic keratectomy, laser 
thennokeratoplasty; intrastroma paotokeratectomy, syn- 
thetic epikeratoplasty, and laser radial keratotomy. 

BRIEF DESCRIPTION OF THE DRAWINGS 60 

HO. 1 is a block diagram of computer-controlled laser 
system consisting of a laser, scanning device, power supply 
and the beam steering stage for ophthalmic applications; 

HO.aUablockolagramforthcgenerationofultraviolet 65 
wavelengths at 213 nm or 210 nm using nonlinear crystals 
to a diode-pumped system; 
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FIG. 3 is a block diagram of a computer-controlled 
refractive laser system of Ho: YAG or Englass or diode laser 
in a non-contact scanning mode for laser thermokerato- 
plasty; 

5 FIGS. 4A through 4E shows computer-controlled scan- 
ning patterns for photo-coagulation in non-contact LTK 
procedures for both spherical and astigmatic corneal reshap- 
ing; 

FIGS. 5 A and SB are procedures for laser-assisted myopic 
io keratomileusis and hyperopic keratomileusis, where the 
reshaping can be performed either on the inner or outer part 
of the tissue; 

FIGS. 6A through 6D show computer-controlled beam 
overlap and scanning patterns for myopic, hyperopic and 
15 astigmatic correction using UV (193-240 nm) or IR (0.7-3.2 
microns) lasers; 

FIGS. 7A and B laser radial keratectomy patterns (LRK) 
using laser excisions for myopia (radial-cut) and astigma- 
M tism(T-cut); 

FIGS. 8A through 8D show ablation patterns for refrac- 
tive correction using predetermined coatings on UV or IR 
grade windows; 
FIGS. 9A through 9B show the spatial overlap for uniform 
25 pattern; 

FIGS. 10A through 10B show the beam orientation for 
smooth ablation; and 

FIG. 11 shows the oriented expanding scanning to achieve 
the required ablation profiles, where the diameters are gov- 
30 emed by a mathematical formula. 

DETAILED DESCRIPTION OF THE 
PREFERRED EMBODIMENT 

The theoretical background of the present invention with 
35 regards to the beam overlap and ablation .rate in photore- 
fractive keratectomy, intrastroma photokeratectomy, syn- 
thetic epikeratoplasty, phototherapeutic keratectomy and 
myopic keratomileusis procedures described in the present 
invention is as follows. 

Given a laser energy per pulse of m (in mJ), an intensity 
of I (in mJ/cm 3 ) may be achieved by focusing the beam into 
an area of A, where I=E/A. For corneal tissue ablation to 
occur requires the laser intensity (Q to be above the pho- 

A . toablation threshold (PAT), (60-120) mJ/crn 2 for UV-laser 
(193-215 nm) and (200-600) ml/cm 2 for Et-laser (23-3.2 
microns). Therefore U is always possible to tightly focus a 
laser beam and achieve the PAT value even for a low-energy 
laser (0.1-5) ml. The drawback of using a low-energy, 
imali-spot laser for large area ablation is that the operation 
time will be longer than that of a large-spot but high-power 
laser. However, time of operation may be shortened by using 
a high-repetition-rate laser (higher than 50 Hz). Small-spot, 
low-energy lasers for large area surface ablation would 

55 becomes practical only when a scanning device is used in a 
high-repctitiott-rate laser and only when uniform beam 
profile can be assured by the appropriate beam overlap. 
These two important issues are addressed in the present 
invention. 

60 The overall operation rate (R) for a given diopter correc- 
tion (D) is limited by the laser scanning rate (Rl) which is 
in turn limited by the laser repetition rate. Ia addition, R is 
also proportional to the tissue ablation rate (RI) which is 
proportion to the laser intensity I (or energy density) at a 

CS given energy E. 

Hie diopter change (D) in the case of myopia is related to 
the correction xone diameter (W) and the center ablation 


7 

thickness (hO) and the ablation profile h(x) (at corneal 
position x) by; 

h{x)=hM37D^ (1) 
Afc~0.3315DB<" a) 5 

In a scanning system as disclosed itr the present invention, 
the nunfber of ablation layers (Ml) (without beam overlap) 
required for D-dtopter correction is therefore related to the 
ablation thickness per pulse (TO), D t and W by io 

«i*M/rt>-0^3i5OW tt /n p) 

To include the overlap factor (F) r F=2 for a 50% beam 
overlap scan an&F=Sfor 809& overlap, the required effective 
number of overlapped ablation, layers is Ml/F. 15 
„ For a given ablation zone of W and lciser focused spot area 
of A, one requires, an effective singlciayer scanning time 
CTS)ofFW*//LV 

The total operation tijtieCT) needed fox hO center ablation . 
or Diopter cc^rection becomes 20 

T=wvFxrs)DW*m : (4) 

T=DW*/E 

Equation 4 . gives us the s^ulng^aw. for. operation time, 15 
required CI), the laser energy (E), diopter change (D) and the 
ablation- zone diameter (W). For a given, laser energy per . . 
ptflse,of jhe.Qverali opcrajtion rate.(l/H Is fedepenttat to . 
die laser intensity:(l[).and beamspot size (A)3y increasing 
the laser average-power (P), defined by laser energy/pulse X 50 
repetition rate, more totM energy may be delivered to- the 
cornea*per,Bpittime.;The ayerage*power"CP) is th^key factor 
which actually determine the overall operation rate (or time) 
required to;achfcYc the diopter change. By realizing that the 
scannhuxrate^l/T^ 35 
laser-repetition rate QtP), we .are able to re*e^press : Equation 

(4)85. - ' ' 

. * <o 
It is iinportant Jta note that given, aaayeragorpowcrof P, : . 
thc-laser intensity must be above the photo-ablatioa thresh- . 
old(PAT) by -dthec beam focusing or increase, the laser 
energy! • . » : 

Based upon the. above-described in^iortant 45 

fcaruir-i are::® CW! lasers? (eithcf UV of IR) with low 
intexisiry normally can not cause photo-ablation since the 
energy density Is lower than tie PAT Value; (u) Lasers (UV 
orlR) atQ^witcbed or modc^locked mode and with' pulse- 
dnration shorter than 100 achieve so 

the intensity aboVe the FAT evea at low-energy level of 
0.05-5 ntf; In particular; picosecond lasers at high repetition 
rate is desirable wnere energy in the tnicrojoule range would 
be s^cient. Moreover, die (^witched^short poise lasers 
Imyfi emaflgf ' th ^fw^rt damage than, that of free-running is 
lasers. The cfcst-efl*ective refractive lasers ire those which 
have lugh repetition rate (50 Hz and up) tint operated at 
low-energy (0.65^5 mJ) and abort puke duration (Q.Q0 1 -20 
nanc^conds). Tte.pntfexred embodiment* disclosed in the 
presenrinventitoas discus^ 60 
theory. Beam focusing and scanning are always reqfuired to 
achieve the iPAf and smooch ablation profile. The individual 
beam profile in tbe scanning system is cot ts critical as that 
In prior art lasers which require a uniform overall profile 
within the large ablation tone of (4-6*) m Li laboratory 65 
tests, we have acfteved a very smooth ablaiioa profile with 
zone diameter. v& to 8 czm starling from a ssotKtnJCbDnn 
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focused beam profile which was randomly scanned over the 
ablation rone of (1-8) mm. Using overlap of (50-80)% of 
focused beam spot of (0.2^-1 S) mm, and a typical number of 
pulses delivered to the corneal surface of 2,000-4*000, 
5 which assures a stifficientbeam overlap for smooth profile 
and pulse to pulse energy fluctuation is not criticaL 

Referring to FIG. 1, a refractive laser system in accor- 
dance with the present invention comprises a basic laser 10 
having UV (193-220 nm) or IR (0.7-3.2. microns} wave- 
10 length U coupled by a scanning device 12 having the beam 
from focusing optics 14 directed onto a reflecting mirror 15 
into target 16 which target may be the cornea of an eye. An 
arming system 17 has a visible wavelength (from a laser 
diode or He—- Ne laser) 18 adjusted to be collinear with the 
15 ablaUon beam U and defines the centra^on of the beam onto 
the cornea surface at normal incident The. basic laser head 
20 is steered by a motorized stage for X and Y horizontal 
directions 21 and the vertical (height) direction 22 which 
assures the focusing beam spot size -and the ccntration of the 
20 beam onto the. cornea. The system has a computer controlled 
panel 23 and .wheels: 24 for portable uses. The target 16 
includes a human cornea for applications of photorefractive 
keratectomy, phototherapcutic keratectomy and laser radial 
keratotomy (using the UV 193r 210;'. 213 nm or IR 2.9 
25 microns- beam focused; on the;coraeal surface area) and 
intrastrorna pbotokeratectomy (using the 1064 or 1053 or 
1047 nm beam, or their second-harmonic, focused into the 
intrastrorna area), and synthetic or real corneal tissues for 
applications: of synthetic - epikeratoplasty and myopic 
3a keratomileusis. The' computer controlling panel 23 also 
provides the synchronization between the scanning gavo 
(galvanometer scanner) anil the laser repetition rate. A 
commercially available gal vanometerscannec madefy Gen-; 
eral Scanning, Xnd is used in -scanning the laser beam. . - 
35 The laser systems described herein have been demon- 
strated using; photorefractive keratectomy procedure- with a 
diopter oorrectipns.up to -6 in PMMA plasty and -12. in 
corneal tissues. In the case of PMMA, we have also .mea- 
sured the diopters by a leasmcter with well-defined readings 
40 in the ranges of -1 to -12 diopters. This data provides the 
, . evidence of predictable diopter corrections using , the laser 
. systems of the present invention; Furthermore, minimal 
tissue thermal damageof 03^-1 .0 microns were measured by. 
TOM (trarisrnission electron microscopy). In measurements; 
45 a, multi-zone (KiZ) .approach for higjhrdiopter corrections 
(8-12) was used; where die. center zone is 3 mm and the 
correction power decreases when the zone increases from 4 
mm to 6 mm. This multi-zone approach reduces the overall 
ablatioti thickness and hence reduces the haze effect 
so Still referring to HG. 1, the basic laser 10, according io 
the present Invention, includes a compacvoptically-pumped 
(either nasb-femp orlaser-diode pumped) lasers of Nd:YAG, 
NdrYLF or the self-frequency Sibling crystal of NYAB 
(neodymium yttrium aluminum) with pulse duration of 
55 0.05-20 nanoseconds tod repetition rate of U10,00CTHz. It 
is known that tmVbasic laser Id is available using » standard 
Q-switch or mode-lock, where the UV wavelength at 
209-213 nm may be achieved by the frequency conversion 
techniques using nonlinearcrystals disclosed by the inventor 
60 in U.S. Pat No. 5,144,63G.TheUV laser energy required for 
- efficient ablation ranges from 0.01 ml to 5 mJ, The basic 
laser .also includes a cc*np&ct, argon fluoride exdmer laser 
(at 193 nm) with repetition rate of(l-l,OQ0) Hz, energy per 
pulse of (Q5-40) ml, pulse duration of (1-50) nanoseconds 
65 and &- compact. En YAG laser (at 2SfA imcrons) with tepeti- 
tion rate of (i-20ty Jiz, energy per pulse of ($0-500) ml, 
. pulse duration of (50-400) nanoseconds and frequency- 
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converted IR lasers of diode laser, optically-pumped Alex- 
andrite or LiiSAF lasers, where efficient nonlinear crystals 
(as shown in FIG. 2) may be used to convert the fundamental 
wavelength (770-880 run) into its fourth-harmonic at the 
UV tunable wavelength of (193-220 nm) with energy of 5 
(0.01-5.0) mJ, repetition rate of (1-10,000) and pulse dura- 
tion of (0.05-50) nanoseconds. Only two nonlinear crystals 
are needed in this case and overall efficiency is higher than 
that of the fifth harmonic generation which requires three 
nonlinear crystals. The basic laser may also include to 
ultrashort pulsed lasers, such as a commercialized mode- 
locked Tfcsapphire laser or other solid-state laser, with 
wavelength ranges of (750-1 100 nm), repetition rates of 
(0.01-100 MHz), energy per pulse of (0.01-100) micro- 
joules, and pulse durations of (0.05-10) picoseconds where is 
focused beam spot size of (0.05-0.5) mm is required to 
achieve the ablation threshold. When using an ultrashort 
pulse laser with very high peak power density (gigawatts 
range), the tissue ablation should be insensitive to laser 
wavelengths since the tissue ablation is assisted by the 20 
plasma-enhanced absorption with minimal tissue thermal 
damage. A focused spot size of (0.05-0.5) mm of the 
ultrashort pulsed lasers would be appropriate to achieve the 
tissue ablation and precise ablation profile is available by the 
scanning device proposed by the present invention. Without 25 
a scanning device, an ultrashort pulsed laser cannot be used 
in refractive surgery due to its energy level of less than 0. 1 
mJ and spot size smaller than 0*5 mm. The above-described 
lasers may also be frequency-converted into UV ranges of 
(190-220) nm suitable for photoablation. 30 

The basic laser also includes a mid-IR (25-3.2 microns) 
laser, generated from optical parametric oscillation (OPO) 
using a near-IR laser (such as NdrYAG or NdiYLF, flash- 
lamp or diode-pumped) as the pumping sources and KIP or 
BBO as the frequency conversion crystals. The OPO laser 35 
has advantages over the Q-switched EnYAG laser, including 
higher repetition rate (10-5,000 Hz) and shorter pulse width 
(1-40 ils.). These advantages provide Caster surgical proce- 
dure and reduced thermal damage on the ablated corneal 
tissue. Topical energy per pulse of the OPO laser is (0.1-10) <o 
mJ. Greater detail on OPO was published by the inventor in 
Optical Corrtmurdcations, vol 75, p. 315 (1990). 

Still referring to HQ. 1, the scanning device 12 is syn- 
chronized with the laser repetition rate, where the computer 
software is capable of providing predetermined patterns 45 
according to a patient's corneal topography for the correc- 
tions of myopia, hyperopia and astigmatism. Astigmatic 
correction, in particular, is difficult to perform in prior art 
systems using a non-scanning diaphragm but can be easily 
achieved by the present invention using a scanning device. 50 
Furthermore, a multi-zone procedure for high diopter (6-15) 
changes can be performed by the computer program rather 
than that of the conventional mechanical Iris. 

The low-power laser systems described in the present 
invention can perform the procedures normany required in 55 
high-power lasers because a scanning device is used to 
assure the uniform corneal ablation by beam overlap and the 
ablation threshold is achievable fay small spot size. 

Referring to HQ. 2, a preferred embodiment for the basic 
laser 10 of FIG. 1 having a UV wavelength includes a 60 
diode-pumped NdYYAG (or K<fc YLF) 25 having a funda- 
mental wavelength of 1064 nm (or 1047 and 1053 nm) 26 
and is f ocosed try a lens 27 into a doubling crystal 28 (KTP 
KNb03. LBO or BBO) to generate a green wavelength 30 
at 532 nm(or 524 and527nm). The green beamtt^ « 
converted by a fourth harmonic crystal 31 (BBO) to generate 
a UV wavelength 32 at 266 nm (or 262-263 nm) which is 
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finally converted by a fifth harmonic crystal 33 to generate 
the UV wavelength 11 at 213 nm (or 209-211 nm). From a 
commercially available diode-pumped Nd:YLF laser I am 
able to achieve the UV (at 209-21 1 nm) energy of 0.01-2 mJ 
5 per pulse with average-power of 0.1 to 0.5 W. This energy 
level when focused into a spot size of (0.1-05) mm is 
sufficient to ablate the corneal tissue* This diode-pumped 
fifth-harmonic system provides the most compact refractive 
UV solid-state laser available today with the advantages of 
to long lifetime, low maintenance, portability and absence of 
toxic gas in comparison with the excimer lasers currently 
used by other companies. Furthermore by using the funda- 
mental wavelength at 1064 nm (or 1053 or 1047 nm) or their 
second-harmonic (at 532, 524, or 527 nm), intrastroma 
15 photokeratectomy procedure may be performed by focusing 
the beam into the intrastroma area of the cornea. The laser 
presented in the present invention provide a compact, por- 
table and low-cost IPK laser and has an advantage over the 
lasers used by other companies where the systems are 
20 currently more than five times heavier and are more costly. 
In FIG. 3, a commercially available Ho:YAG (or Bnglass) 
or diode laser 35 (either flash-lamp or laser-diode pumped) 
is coupled by a fiber optic waveguide 36 with core diameter 
of (100-600) microns to a scanning device 37, in which the 
25 fundamental beam 38 with a wavelength of 2.1 (or 1 54) or 
(1.9-Z5) microns which is collimated by a lens 40 and 
coupled to the scanning gavo 41 and focused by another lens 
42 onto the beam splitters 43 and 44, and finally delivered 
to a target (such as a patient's cornea) 45. The IR (Zl 
30 microns) laser beam 38 is collinear with the aiming beam 46 
(visible He — Ne or diode laser) and the patent corneal center 
is also defined by a commercial slit-lamp microscope station 
47. The above-described apparatus offers the unique feature 
of non-contact laser thermokeratoplasty for precise coagu- 
35 lation in both spherical and astigmatic corneal power cor- 
rections with scanning patterns predetermined by a com- 
puter software hereinafter discussed. The focusing lens 28 
may be motorized for varying the focal point and thus 
varying the coagulation cone size for optimal results. In the 
40 prior art of fiber-tip contact system, the precision of the 
coagulation rone and patterns are limited by d\>cto« manual 
operation which is a much slower procedure than the com- 
puter controlled scanning device described in the present 
invention. The requirement of replacing the fiber-tip after 
45 each operation is also a drawback of the prior art systems. 
The advantages of the present system includes: precision 
coagulation rone and spot size, flexible patterns for a variety 
of corrections, fast processing time and elimination of the 
need for fiber-tip replacement 
so Still referring to FIG. 3, the basic laser 22 in accordance 
with the preferred embodiment of the present invention is a 
finee-running or continuous-wave (CW) flash-lamp or diode- 
laser pumped Ho:YAG (at 2.1 microns) or Erglass (at 1.54 
microns), or IR diode laser (L9-Z5 microns) with average 
55 power of 03-5 W, pulse duration of 200-2,000 micro- 
seconds (if tree-running). In the present invention, the IR 
wavelengths of 1.54 and 2.1 and (IS-25) microns are 
chosen due to their strong tissue absorption which is 
required in the photo-coagulation processes. Similar lasing 
60 media of HoiTrmYAG and HofrmrCnYAG is also included 
in the preferred embodiments of the present invention. The 
CW diode laser (1.9-23 microns) may be scanned in a Caster 
rate than that of the free-running lasers. 
FIGS. 4 A through 4B summarize the possible coagulation 
65 patterns suitable for both spherical and astigmatic corneal 
reshaping in the LTK procedures in a cornea 50. FIG. 4-A 
with coagulation zone (GZ) of 5 to 9 mm and spot number 
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(SN) of (8-16) provides hyperopic corrections of 1-6 diopt- 
ers; FIG. 4-B has a coagulation zone of 1-3 ram suitable for 
myopic corrections; FI& 4-C has radial coagulation zone 
and spot number of 16-32, suitable for spherical hyperopic 
correction; FIG. 4-D has a coagulation zone of 1-9 mm and 5 
spot number of 50-200, suitable for precise coagulation 
control to stabilize and reinforce the collagen shrinkage 
tension; FtG. 4-E is designed for astigmatic change, where 
the coagulation patterns ace chosen according to the corneal 
topography. By using the. computer-controlled scanning, io 
these- patterns may be easily generated and predetermined 
according to the measured corneal topography ' of each 
patients. A combination of these patterns illustrated in FIGS. 
4-A to 4-E enables the. treatment of patent's optical. power . 
correction in aU; aspects of myopia, hyperopia* astigmatism is 
and their mixed vision dkotdcr. Furthermore, laser param- 
eters sue^ as energy per pulse*, spot size and scanning 
patterns.afeo pro vide another degree of freedom for the laser . 
tbemokei^plast# process which, arc not usually available 
in the prior art systems using the contact* fiber-tip. 20 

the appropriate parameters relating ta.HG. 4A-B ape; 
laser energy per pake: of '5-50 mj for frte-rumnng mode 
(200^400 micro-second durauofl) r beam spot size ipf (04-1) 
mm, laser repetition rate of 5-30 Hz, coagulation zone of 
(i-l()) mm, spot nimiber of 8r20Q spoto iand- fiber core. 25 
diameter of 100-^^micrqiiSi foria .fla^lamrijumped, 
systenC Also; diSctosSbd. is the^use: of artfode-pumped 1 
Ho:YAG, cither in a pulse-mode or continuous-wave (CW) ■ 
mode. For a CW mode laser, energy of 10-100 mW is 
sufficient for coagulation when spot size of O.Q5-0-5 : mm is 30 
employed. In the m'cKfcpurapedsystem in CW mode or with 
a. rugh-repetition-rate 20-100 Hz, a fast scanning enables 
completion of the coagulation procedures within 2-2tisec- 
ono^ depep^ing uppn the^coagulition zone and spot nunjber 
required. Fast scanning also provides a uniform collagen 35 
shrinkage unlike, tbat of the priorart system using a manu- 
ally operated, fiber-tip which normally takes 1 to 5 minutes 
to complete' in -a .multiple coagulation zone and high spot 
number; It is difficult to use "^manually operated fibertip to 
igenerate.me precise patterns «s ittustaatedi&HG.4 : which 40 
can be easily performed iathe comrwter-controlled scammng 
device as disclosed in the present invention, the patient- s 
.eye motion and .decenirjation is* a problem far prior art 
systems, but it Is not a critical factor in.ihe Cost scanning ' .. 
device described herein. - . .. , 45 . 

ReTeriiiig.toFIG^^ 
sis (MKM) and hyperopic 'keratomfleusi^ (HKM) can oe 
performed either oa-the.outcr corneal surface 51 or on the 
inner surface 52 to reshape the sesealed corneal tissue 
without maferially effecting the Bowman** layer. Hie pre- 50 
ferrcd lasers are described in FIG. I including the UV 
(193-220 nm) and JR (25^3.2 microns); lasers. The non- 
invasive laser-assisted procedure disclosed in the present 
invention has the advantages over the procedures of photo- 
rcfractive keratcctorny md laser tfaermokeratoplasty includ- ss 
ing being safer; more stablc.with a, higher Diopter-change, 
and without tnatrrf ally. affecting epimelhmi and Bowman's 
layer. In comparison with the cotwendciial.lxratonnleusis, 
the laser-assisted myopic keratomileusis and hyperopic 
keratomileusis do not xequire corneal freezing and can 60 
perform very high diopter change not available by radial 
keratotomy or photore£»ctive'ikeratectomy. laser-assisted 
corneal prcs h a r rfn g cm also be employed to a donor cornea 
In the procedure currently performed by epikeratophakia. 
Details of conventional lamellar refractive surgery may be 65 
found in Lea D. Bores, Refractive Rye Surgery (BlackWeU 
Scientific Pub- 1993). Chapter 10. 
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FIGS. 6*A through 6D shows a nearly flat-top beam profile 
achieved by overlapping a series of laser beams, where the 
degree of overlap, 509&-8O9&, depends on the individual 
beam profiles which are not required to be flat-top. In the 
5 present invention, the preferred individual beam profile is 
either a 70% Gaussian or a symmetric profile. In the 
laboratory, I have demonstrated a smooth laser-ablated 
PMMA surface with zone diameter of 3-6 mm by overlap- 
ping a large number of pulses, 500 to 5,000, each one having 
10 a spot size of 0.8-1.2 mm. Moreover smooth transition 
among the ablation zones were achieved without the tran- 
sition zone steps found in prior art systems using mechanical 
diaphragms. In addition to the myopic and hyperopic scan- 
ning patterns of €B and 6G, one of the significant features of 
15 the present, scanning device is that it can generate predeter- 
mined patterns based- upon the corneal topography for 
astigmatism correction (seejffD). Corneal scar may also be 
easUy. located by a topography and photoabtated by a laser 
based on the computer-controlled scanning patterns. The 
20 preferred lasers for the procedures described in FIG.- 6 are 
discussed in connection: with FIG. L 

Still referring to FIG; 6, the scanning-schemes were tested 
by ablation on PMMA plasty. The computer software is 
based upon the mathematjcaTrmodel described earlier in 
25 equations 1 and..2 where; the. center ablation thickness: was 
equally spaced tQ .define, the . associate: scanning diameters. 
Given theablaticm thidcricss per pulse arid per ablation layer 
(at a given scanning diameter), one may easily obtain the 
overall corneal surface ablation profile, (see equation (1)). 
30 The number of required ablation layers is therefore propor- 
tional to the diopter change (D) and square of the ablation 
zone (W). The computer parameters designed in the present 
invention include: diopter change (D), optical zone diameter 
CW),'and the degrecVof overlap in both tangential <TD) and 
35 radial j(RD) direction of the scan .patterns as shown in. FIGS. 
6 A- through 6D. Smooth PMMA surface ablation was 
achieved by optimization of laser spot size, 'energy and the 
overlap parameters of TD and RD. Experimental data indi- 
cates that larger overlap provides smoother surface ablation; 
40 however, longer ablation time is required for a given diopter 
change, laser energy and /repetition rate (RR). Larger RR, 
50-100 Hz,- prc^dd^,s>3rter ablation time which is typically 
. in the. range pf (20-40) seconds for; diopter changes of 2^-8 
In myopic trealment.based upon ray measurements. The 
45 », prior art hig&vpo wet: excimer- lasers- with a typicai RR of 
5-15 Hz will be Impossible to achieve the results described 
above even if they use. the present scanning tievicel . 

Still jeterting to FIGS, fi, usin&ibe UV laser*.(l?3 f 210 
and 213 nm) t have achieved ablation depths of (20-40) 
SO microns by overlapping (2000-4000) laser pulses, which 
give an ablation depth, of 0.05-0.1 microns per pulse The 
ablation, depths are measured by la microsensor (rnttde by 
Tencor Instruments) which has a resolution of about 0.5 
microns or better. Ablation curves, ablation depth versus 
55 laser intensity, were obtained by varying the laser energy or 
the spot size. Given the ablation rate (ablation thickness per 
pulse), I am able .to calibrate the number of pulses and the 
degree of beam overlap required to achieve the diopter 
change on the PMMA, where the diopters of the ablated 
. 60 PMMA are measured by the standard lensmeter. In vitro 
measurement of corneal tissue ablation can be calibrated 
according to the comparison of the ablation rate between 
PMMA and tissue. For myopic and hyperopic corrections, I 
have used circular scanning patterns with beam overlap 
65 controlled by the tangential scanning speed and diameters of 
the adjoined circles. The preferred wftmnmg scheme is from 
small circle to large circle. For example, given a laser spot 
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size of 1 mm, a radial overlap of 50% will require the 
scanning circle to start from 1 mm diameter to 5 mm 
diameters with an increment of 0.5 mm for an optical zone 
of 5 mm Furthermore, a tangential overlap of 50% requires 
the scanner to move at an angular speed of about 23 degrees 5 
within the interval between each laser pulse. In my com- 
puter-controlled scanning device, software was developed to 
synchronize the laser repetition rate with the scanning gavo 
to control the above-described overlap patterns. In addition 
to the circular patterns . described for myopic and hyperopic 10 
treatments, a linear scanning pattern may also be used in 
particular for the myoptic and astigmatic corrections. 

It is important to note that a uniform individual beam 
profile and energy stability of the laser, under the present 
scanning device, are not critical in achieving an overall 15 
uniform ablation zone whereas they are very critical for 
prior art systems using expanding iris devices. Given the 
ablation rate per overlapped circle, the overall diopter cor- 
rection may be achieved by the appropriate increment in 
diameters of the expanding circles. Greater details of beam 20 
scanning and overlapping will be further discussed in con- 
nection with FIGS. 9-1L 

Referring to FIGS. 7A and 7B, a laser radial keratectomy 
(LRK) performed by laser excision has advantages over the 
conventional diamond-knife radial keratotomy (RK) includ- 25 
ing higher predictability and reproducibility by precise con- 
trol of the excision (or ablation) depth. Furmermore, using 
the scanning device of the present invention, laser radial 
keratotomy may be performed easily and rapidly with less 
dependence upon the surgeon's skill and experience. Cor- 30 
neal reshaping may be performed by controlling the laser 
parameters such as spot size, intensity, scanning speed, beam 
overlap, and the excision depth per pulse which typically 
ranges from 02 to 0.5 microns. The excision depth precision 
of a laser is at least 10 times better than that of a knife. This 35 
*lascr-knifc M should be able to perform all the radial kera- 
totomy procedures performed by a "diamond-knife" by 
using similar techniques to those introduced in the Book of 
Leo D. Bores, Refractive Eye Surgery, Chapters 8 and 9. 
Examples of laser radial keratotomy are shown in 7A for 40 
myopia (radial-cut) and 7B for astigmatism CT-cut), The 
preferred lasers for laser radial keratotomy include the lasers 
described in FIG. L 

Referring to FIGS. 8A and SD, the ablation patterns 
suitable for icfractiveprocexlareainay 45 
coated windows such as UV (or IR) grade fused silica; MgF, 
BaF or sapphire (when an IR laser is used), with preferred 
thickness of (05-2) mm and diameter of (8-15) mm. 
Referring to FIG. 8 A, scarining laser beams 53 (at wave- 
length of UV or IR) with circular scanning pattern to deliver 50 
uniform (or constant) laser energy over the coated window 
44 with coating specification (at UV or IR wavelength) 
acrording to the profile on the corneal tissue 55 (or PMMA 
surface) wfll also achieve the same pattern described by 
equation (1). HQS, SB and 8C show the reflection profiles 55 
of the coated windows for myopia, hyperopia and astigma- 
tism, respectively, based on predetermined diopter changes. 
These coated windows disclosedin the present invention can 
be reused for cost effectiveness and has an advantage over 
the prior art system using the disposable mask which Is 60 
costly and is difficult to provide reproducible results due to 
the noa-uriiform transmission or ablation properties of the 

Greater detail of the features of the present invention 
regarding beam overlap, scannmg and orientation in order to 63 
achieve uniform ablation profiles to meet the clinical 
rcoairements of corneal reshaping are Demonstrated as fol- 
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lows. The actually measured PMMA profiles were generated 
from the Microsensor (made by TENCOR INSTRU- 
MENTS, INC.) using our ArF laser (the Compak-200 Mixii- 
Excimer system, made by LaserSight, Inc.) having laser 
5 parameters of: (2-4 mJ) energy at the output window, 
operated at (50-200) Hz, with the beam focused onto the 
corneal surface at a spot size of about (0.2-1.2) mm, with 
energy per pulse of (0.5-L5) mJ, tunable by a coated MgF 
window. 

10 Referring to FIG. 9A, we show the schematic of the 
motion of the scanning beam with a spot size of 1 ram in this 
example* Beam overlap function(L) is defined by the beam 
displacement parameters of dx and dy (in x and y direction, 
respectively, on the corneal plane) adjustable by the com- 

15 puter controlled software, where Lx=l-dx/R and Ly=l-dy/ 
R, where R is the beam diameter. The degrees of smoothness 
(DS) of the ablated PMMA surface (a plastic sheet which has 
been commonly used for the calibration of UV laser ablation 
on corneal tissue) is governed by the degrees of overlap 

20 function L=Lx+Ly. Greater DS can be performed by using 
greater L, which, however, will also cause a slower proce- 
dure speed (v), at a given laser average-powerjp), beam spot 
size(R) and energy per pulse (E). Desired procedure time of 
20 to 50 seconds are typical for patient diopter corrections 

25 (myopic) of D=s-3 to -10, where patient centration is 
conducted by a visible fixation light for the patient to look 
at without eye movement. Including some of the compen- 
sation from the recovered epithelium filling on the ablated 
corneal surface, the roughness of the corneal tissue, cali- 

30 brated by the PMMA surface, should be within the range of 
(0.2-2) microns. Therefore, we are optimizing the param- 
eters of dx, dy, Up, E and R in order to achieve the 
above-described clinical requirements. 
Referring to FIG. 9B, a comparison is shown to demon- 

35 strate the degrees of smoothness of the ablated PMMA at 
two sets of displacements: curve A (dx=dy=0.5 m) and curve 
B(dx=0J mm, dv=03 mm). These PMMA profiles were 
generated from a Microsensor scanned along the y direction 
to show the difference in smoothness caused by the differ- 

40 ence in dy values (at a fixed dx value). It is clearly demon- 
strated by comparing Curves A and B that a smoother 
surface is generated with a smaller displacement (dy=0.3 
mm), or larger beam overlap Lx=709&. In this particular 
example; the basic beam profile is worse man a 50% 

45 Gaussian and actually has a three-lop structure which is 
typical in an ArF excimcr laser; Even under this poor beam 
uniformity condition, we are still able to obtain very uniform 
overall ablated areas^of (2-9) mm in diameter, as shown in 
FIG. 9B (curve B) with surface roughness less than 1 

50 microns (vs. about 10 microns in curve A), when a set, of 
appropriate beam overlap parameters are used. Smaller dx 
and dy will further improve smoothness, which, however; 
may take a longer operation time. As shown in above 
example (using dx=03 mm and dy=03 mm), only 30 

55 seconds is needed for a D=>-4 diopter correction with enough 
smoothness of the PMMA surface, where I used a pulse 
energy of 0.9 mJ (on the PMMA surface), with the system 
operated at 100 Hz in this example. 
In addition to the overlap function, I have been able to 

60 further improve the beam uniformity by the beam orienta- 
tion method as follows. As shown in FIG. 10A, I used linear 
scan patterns for multi-layer ablation on a PMMA sheet, 
where parameters of B=C9 ml, spot size of t mm, dx=dy= 
0.5 mm were used In one case, I repeated the linear scan 

65 pattern along the x-dircction, or rotation angle (A)=xero, for 
about 25 times (layers), lb see the torxovement due to 
pattern orientation, I tried the second case by rotating the 
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linear-scan angle (A) by about 65 degrees in each successive 
scan layers. An angle A=65 degrees was chosen in this: 
parncolar example to randomize the basic beam structure 
(having a nonuniform profile) and. to achieve the uniform 
overall ablation. This averaging procedure by beam orien- 5 
tauon will largely reduce the potential roughness caused by 
the basic beam structure, noting that rotation angles, such as 
20. 30, 60 or 220 degrees (in which 360 degrees can he 
divided into integers), should be avoidedto prevent repeated 
patterns after ^ few rotation layers; A large* .angle<A) is 10 
chosen for stnaUer xhoptercgrrcctious and vice versa forthe 
best results. This U to make sure that enough beam random- 
ization is. performed for various a^opto-ccrrecfions which 
arc proportional to the numbers <>f scanned layers. Com- 
parisons arc.showhiin FIGUOB ftr A=0 (nonrotatcd case, 15 
curve A) and for A=65 (rotated.casc, curve B), where 
ax==dy=0.5 mm were used in both cases, Sigoificantsmooth* 
ness <>f ablated PMMA was achieved in the rotated case 
(curve *B) even when a hrge displacement of dy=03 mm 
was used, compared to curve B in FIG. lOBandcurve A in 20 
HG, 9^ The larger dlsplacenjeatr or smaller; overlap results 
to a faster procedure, however, this, results fa a loss of 
smoothness if beam rotation is not used Using the above- 
aP|sa&cd techniques, I am able to generate the. prcdeter- 
nlined ablation profiles correspohding to- various. rcfiactive 25 
corrections such-as myopic,- hypcropic and astigmatic with 
clinically, acceptable tissue -smoothness and procedures " 
times: requirement ' 

ReferringtoFKLll, an example for myopic <^rrccuori is 
shown, HQ. UA shows the schematic of rotated ablated 30 
areas with increasing diameters (from about 0.5 to 6 mm) 
governed by Equagan (1), where ft typical nunjber of layers 
(or scanned -areas at various" diametors) of 25 is needed 'for 
a »5 : diopter correction. For an optical zonc _ of S-mrn, this 
represents an ablation rate" of about 2 microns in corneal 35 
tssucjn each layer, Vhere apulsc energy of about 0.9 ml at 
spot size of l.mmand repetition rati of 100 Hz is used. For 
smaller diopter corrections, * smaller energy (0.6-O8 mJ), 
or smaller ablation rate (05-1.0 mictons) is . desired for 
smoother and more accurate results*. Moreover, a smaller 40 
«^*izcof(0a^5imn)maybeu^ 
the ablation profile (with greater accozaqy), buta faster laser 
repetmon rate larger than SOaHz w<^dbtfjeoiiire<lfor^ 
reasonable procei^ speed of (20-50) rands to cover (-3 
to. -40). diopter corrections. In mis -sjtnation the diode 45 
PUF^UYwh^s^ / 
catfidate thart the Excuner.iasfc.FIG; llBTshowsr.the 
™MA ablation ptoJUc measured 60m aMicroschsor usin* 
the te^mhjues shown in FfQ. UA^ where an ablation *onc 
size of about 5.mmydth center depth of about lfrmicrons 50 
wore sbown. f believe that the\PMMA prorUcs shown in 
FIGS. 9 through 11 represent, .for the-first time, the novel 
features, of the techniques disclosed in the present invention. 
Some of the prior art has never demonstrated the actual 
ablation: data, although a- siimrte\aracepc of beam scanning 55 
^bcenproposco^Thecompari^ 
oenwrutrated that the prior technique* as set forth fa the 
bacjgroundkreto would never acnleve the smooth surface 
as shown here. In addition, given the laser parameters 
proposed fa the present fave^^ ^ 
wto nonuniform basic beam profile and without using 
rnrrftnrtical bcamiCHiiharfog, it is imgossiblelbr theprior art 

of 100-300 mj with a conrolexineai^ofbeamimifajnity is 
always required fa the prior art patents, 65 

The nvahed disclosed fa Hie present invention combines 
beam acaoru^.ovedappfag and pat^ 
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ization) provides a powerful yet simple technique for opti- 
mal results of laser refractive surgery which involves both 
clinical aspects (ablation diopter, ablation optical zone, 
smoothness, patient centration. and operation speed) and 
s engineering aspects (beam profile* uniformity, stability, 
energy, spot size and delivery systems). 

It is worth emphasizing that the concept of .achieving a 
smooth ablation surface by using the randomly rotated 
scanning pattern as disclosed in the present invention would 
I0 not be demonstrated if the microsensor were not used to 
measure the .PMMA profiles. I have preformed hundreds of 
PMMA profile, analyses at various laser parameters together 
with the theoretical model presented in equations (1M5) are 
the key factors behind the present process. Furthermore, the 
15 refractive correction profile, governed by equation (1) would 
be very difficult to justify after the scanning method is 
applied to the target (PMMA and corneal tissue) if the 
microsensor is not available to the user. The PMMA data 
presented in the present invention have, also been employed 
20 on corneas, where hundreds of patient* s have been.treated by 
the Compak-200, . Mini-Exdmer with , predictable power 
corrections and smooth tissue ablation. Clinical results are to 
be presented in optthalraology conferences. 
While the invention: has: been shown and described with 
^ reference to the preferred embodiments thereof,, it will be 
understood fay those skilled in the art that the foregoing and 
. other changes and variations in form end detail may. be made 
therein without dep&rting.from the spirit, scope and teaching 
to the invention. Accordingly, the method and apparatus, the 
30 ophthalmic applications herein disclosed are to be consid- 
ered merely as illustrative ana 1 the invention is to be limited 
only as set forth in the claims. 
I claim: 

L A method of perfenning .corneal refractive surgery by^ 
reshaping a portion of ak»raeal surf ace comprising the steps* 
of: * 

selecting a laser havinV a pulsed output beam of prede- 
termined ultravioIet.\avelength and having an energy 
level less than 10 1 
40 selecting a scanning ftiechanism for scanning » said 
selected laser, output beam, said scanning mechanism 
including a galvanometer icammigTncchailism for con? 
trolling said laser, beWtotoVtn" overlapping pattern of 
adjacent pulses; 

45 coupling said laser beam. to. a scanning device for scan- 
ning said laser beam oyetj a predetermined surface; 
focusing said scanning laserlbeam onto a.comeal surface 

to a predetermined generally fiied spouize; 
aligning the center of the said scanning laser beam onto 

the corneal surfacciwith a Visible aiming beam; 
controlling the scanning mechanism to deliver the scan- 
ning laser bean in a predetermined overlapping pattern 
onto a plurality of positions on the corneal isurface to 
53 photoablataofphotocoiu^^ 

removing, from 0.05 to 0^ rniaons of corneal tissue per 
poise overlapped to remove tissue to a desired depth, 
whereby apatient f s visionis correctedby the reshaping^ 
of the corneal surface of the jpaticnt-s eye using a low 
60 . . power laser 

2. A method of performing corneal refractive surgery by 
reshar^n^ portion of the corneal© 
claim 1 in which the step of . selecting a laser includes 
selecting a diode-pumped UV laser having an output wave* 
65 length between 193 and 220 nanometen, and energy per 
puUeof 0,01 to 5 ml/pulse, arepetitiontatc of between 1 Hz 
and 10 KHk md a trolse doratioribetweea 0.1 oteosecouds 
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to 50 nanoseconds and a focused spot size of (0.05-1 .5) mm 
on the corneal surface, 

3. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of selecting a laser includes 5 
selecting a flash lamp pumped UV laser having an output 
wavelength between 193 and 220 nanometers, and energy 
per pulse of 0.1 to 10 mJ/pulse, a repetition rate of between 

1 Hz and 10 KHz, and a pulse duration between 0.1 
picoseconds to 50 nanoseconds and a focused spot size of io 
(0.05-1.5) mm on the corneal surface. 

4. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of selecting a laser includes 
selecting an argon fluoride excimer laser having an output 15 
wavelength of 193 nanometers, energy per pulse of 0.5 to 10 
mJ/pulse and a focused generally fixed spot size of between 
0.2 to 2 mm on the corneal surface, and a repetition rate of 
between 1 to 1,000 Hz, and pulse duration of between 1 to 
50 nanoseconds. 20 

5. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of selecting a laser includes 
selecting a free-running Ho:YAG laser having an output 
wavelength of about 2.1 microns at an average power of 25 
between 03-5 watts and a focused generally fixed spot size 
of between 0.M mm. 

6. A method of perfonning corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim^ 1 in which the step of selecting a laser includes 30 
selecting a free-running Englass laser having an output 
wavelength of about 154 microns at an average power of 
between 03-5 watts with a focused generally fixed spot size 
of between 0.1-1 mnj , 

7. A method of performing corneal refractive surgery by 35 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of selecting a laser includes 
•electing a free-running Englass laser having an output 
wavelength of between 13 to US microns at a power of 
between 05-5 watts and a focused generally fixed spot size 40* 
of between 0.1-1 mm. 

*, A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of selecting a laser *gdndcs 
selecting a Q-iwitched EnYAG laser having an output 45 
wavelength of 2.94 microns, and a pulse duration of between 
50 to 400 nanoseconds, with an energy per pulse of between 
50- 500 mJ and a repetition rate of between 1 and 200 Hz 
with a focused generally fixed spot size of between 0.2-2 
nun. 

9. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface inacajrdancewith 
claim 1 in which the step of selecting a laser includes 
selecting an ultra-short pulsed laser having an output wave- 
length ofbetween 750 to 1100 nanometers, energy per pulse 55 
of between 0.01 to 1 00 microjoules, and a repetition rate of 
between OjOI to 100 MHz, and pulse duration of between 
0.05-1 0 picoseconds and a focused generally fixed spot size 
of between 0.05-0.5 mm. 

10. A method of performing corneal refractive surgery by 60 
re shapin g a portion of the corneal surface to sraordancc with 
claim 1 in which the step of selecting a laser includes 
selecting an OPO mid-IR laser having an output of 2^-3.2 
microns, a pulse duration of between 1-40 nanoseconds and 
energy per pulse of between 0.1 to 10 ml, and a repetition 65 
rate of between 10 and 5,000 Hz and a focused generally 
fixed spot size on the corneal surface of between 0.1-2 mm. 
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11. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of delivering said laser beam 
includes said focusing lens which is highly transparent to.the 

5 said laser beam, said focusing lens having a focal length of 
(50-1500) mm for focusing the laser source onto a generally 
fixed spot sire of 0.05-2 mm on a predetermined position on 
the corneal surface. 

1Z A method of performing corneal refractive surgery by 

10 reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of controlling said scanning 
mechanism includes controlling said scanning to scan a 
pattern of radial aligned spots using a laser beam capable of 
photocoagulation corneal tissue, 
13. A method of performing corneal refractive surgery by 

15 reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of controlling said scanning 
mechanism includes controlling said scanning to scan a 
pattern of concentric generally fixed spots using a laser 
beam capable of photocoagulating corneal tissue. 

20 14. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of controlling said scanning device 
includes controlling said scanning to scan a pattern of 
generally fixed area ring spots using a laser beam capable of 

25 photocoagulating corneal tissues. 

15. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of controlling said scanning device 
includes controlling said scanning to scan a pattern of 

30 overlapping generally fixed ring spots using a laser beam 
capable of photoablating corneal tissue for myopic correc- 
tion. 

16. A method of performing corneal retractive surgery by 
reshaping a portion of the corneal surface in accordance with 

35 claim 1 in which the step of controlling said scanning 
mechanism includes controlling said scanning to scan a 
pattern of overlapping, generally fixed area spots using a 
laser beam capable of photoablating the corneal tissue for 
hyperopic correction. 

40' ~ 17. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 1 in which the step of controlling said scanning 
mechanism includes controlling said scanning to scan a 
pattern of overlapping circles of fixed area using a laser 

45 beam capable of photoablating the corneal tissue for astig- 
matic correction* 

18. A method of performing corneal refractive surgery by 
reshaping aportion of the corneal surface m accordance with 
claim 1 in which the step of controlling said scanning 

50 mechanism includes controlling said scanning to scan a 
pattern of radial aligned slits of fixed area using a laser beam 
capable of photoablating corneal tissue for laser radial 
keratectomy. 

19. A method of performing corneal refractive surgery by 
55 reshaping a portion of the corneal surface ta accordance with 

claim 18 wherein the step of scanning includes scanning a 
coated window having a prcdetern^ 
laser beam therethrough and to photoablate the corneal 
surface to meet a predetermined profile for refractive cor- 
60 rections. 

20. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
claim 18 in which the step of scanning includes scanning 
through a coated window made of materials transparent to a 

65 UV laser having an output beam of (193-215) nm. 

21. A method of performing corneal refractive surgery by 
reshaping a portion of the corneal surface in accordance with 
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claim 18 in which the step of scanning includes scanning 
through a coaled window made of materials highly trans- 
parent to an nt laser having an output beam of (3L5-12) 
microns. 

22. A method of performing corneal refractive surgery by 
reshapi ng a portion of the corneal surface in accordance with 
claim 1 in which the step of controlling said scanning 
mechanism includes controlling said scanning which has a 
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circular scanning pattern to deliver umfbnn laser energy 
over a coated window positioning near the corneal surface. 

23. A method of performing corneal refractive surgery by 
reshaping * portion of the -corneal surface in accordance with 
claim 1 including the step of scanning in a uniform scanned 
pattern with a spatial overlap of 50-80% and- beam orien- 
tation whereby the initial beam profile uruTormity is not 
critical. 
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[24. A method for performing ophthalmic surgery, 
comprising: 

pulsing a laser beam at a repetition rate of at 
lea fo 20 Hz: 

applying s aid laser beam onto corneal tissue; 

and * x 

scanning said pulsed laser beam in a 
substantially overla pping pattern on said corneal 
tissue. 

25. The mftthod for performing ophthalmic surgery 
according toVlairn 24. wherein: 

said laser beam provides an energy level of 
no greater than\l 0 mJ per pulse to said corneal tissue. 

26. The method for performing ophthalmic surgery 
according to claim W wherein: 

said laser betam provides an energy level of 
no great er than 20 mAper pulse to said corneal tissue. 

27. The method for performing ophthalmic surgery 
according to claim 24, wherein: 

said laser beam provides an energy level of 
no great er than 50 mJ per rVse to said corneal tissue. 

28. The method for performing ophthalmic surgery 
according to claim 24, whereinX 

said laser beam has a spot size on said 
corneal tissue of no greater than l\ mrn. 

29. The method for performing ophuialmic surgery 
according to claim 25, wherein: 

said laser beam has a spot siz\ on said 
corneal tissue of no greater than 1 mm. 

30. The method for performing ophthalmic surgery 
according to claim 26, wherein: 

said laser beam has a spot size on said 
corneal tissue of no greater than 1 mm. 

31. The method for performing ophthalmic sutgery 
according to claim 27, wherein: 

said laser beam has a spot size on said 
corneal tissue of no greater than 1 mm. 

32. The method for performing ophthalmic surgery 1 
according to claim 24, wherein: 

successive pulses of said laser beam are 
overlapped at least 50 percent. 

33. The method for performing ophthalmic surgery 
according to claim 24, wherein: 

said laser beam is pulsed at a repetition rate 


vof at least 50 Hz, 



tie method for performing ophthalmic surgery 
according to claim 25. wherein: 

said laser beam is pulsed at a repetition rate 
of at least t 

35. The method for performing ophthalmic surgery 
according to claim 24, 
10 said pulsed laser bean^is scanned 

synchronously with said pulses of^frid laser beam. 
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36. The method for performing ophmalmfesjsurgerv 
according to claim 24, wherein: 

15 an area of corneal tissue in a range of 

to 0.5 microns deep is removed with each pulse of 
said laser beam. 

37. The method for performing ophthalmic surgery 
20 according to claim 24, wherein: 

said pulsed laser beam is scanned in circular 

patterns. 

38. The method for performing ophthalmic surgery 
25 according to claim 24, wherein: - 

said pulsed laser beam is scanned in linear 

patterns. 
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^9. A method for perfonning ophthalmic surgery, 
[ffrising : 


\~ \ pulsing a laser beam at an energy level of no 

greaterdian 20 mJ per pulse onto corneal tissue; and 

canning said pulsed laser beam in a 
substantian\overlapping pattern on said corneal 
35 tissue. 

40. The method ffo performing ophthalmic surgery 
according to claim 3\ wherein: 

said laser beany has a spot size on said 
40 corneal tissue of no greatkr than 1 mm. 

4 1 . The method for performing ophthalmic surgery 
according to claim 39, wherein: 

successive pulses of said^aser beam are 
45 overlapped at least 50 percent. 

42. The method for performing ophmalrrnc surgery 
according to claim 39, wherein: 

said laser beam is pulsed at a repetitich^rate 
50 of at least 20 Hz. 
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20 


The method for performing ophthalmic surgery 
arding to claim 39, wherein: 

said laser beam is pulsed at a repetition rate 
of at leaXSO Hz. 

44. The metnW for performing ophtharmic surgery 
according to claihi39, wherein: 

said pulsectHaser beam is scanned 
synchronously with sauhjulses of said laser beam. 

45. The method for perforniin^phmalmic surgery 
according to claim 39, wherein: 

an area of corneal tissue in a^qge of 0.05 
to 0.5 microns deep is removed with each pulse of 
said laser beam. 

46. The method for performing ophthalmic surgery 
according to claim 39, wherein: 

said pulsed laser beam is scanned in circular 

patterns. 

47. The method for performing ophthalmic surgery 
according to claim 39, wherein: 

said pulsed laser beam is scanned in linear 
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Jbll \8. A method of performing laser ablation on tissue, 
P I satd method comprising: 

providing a laser having a pulsed output 
30 beam SC ultraviolet wavelength; 

pviding a galvanometer scanner; and 
compiling said pulsed output beam with 
said galvanometer scanner to provide a substantially 
overlapping randbqi pattern of beam pulses on said 
35 tissue. 

49. The method of performing laser ablation on 
tissue according to claim 48Nyherein: 

said pulsed output beaha has an energy level 
40 of no greater than 10 mJ per pulse 

50. The method of performing laser aBiation on 
tissue according to claim 48, wherein: 

said pulsed output beam has an energy level 
45 of less than 20 mJ per pulse. 

5 1 . The rAethod of performing laser ablation on 
tissue according to claim 48, wherein: 

a -guise repetition rate of said pulsed output 
50 beam is inaVange of 50 to 100 Hz. 



52. The methoQ of performing laser ablation on 


til 


sue according to claim 48, wherein: 
(^^^ >aid laser is selected to be a diode-pumped 


laser. 


5 53. The method of perfornciing laser ablation on 
tissue according to claim 48, wherein: 

said ultraviolet wavelength is in a range of 
193 to215nm. 

10 54. The method of performing laser ablation on 
tissue according to claim 48, wherein: 

said ultraviolet wavelength is 193 nm. 
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55. The method of performing laser ablation on 
tissue according to claim 48, wherein: ' 

said pulsed output beam has an energy level 
in a range of 0.05 to 10 mJ per pulse. 

s 54. The method of performing laser ablation on 
tissue^eeording to claim 48, wherein: 

saioTpuTg^i^aimt beam has an energy level 
of no greater than 50 mJ per put 

57. The method of performing laser ablation on 
tissue according to claim 48, wherein: 

said pulsed output beam has a spot size on 
said tissue of no greater than 1 mm, 

i 

58. The method of performing laser ablation on 
tissue according to claim 55, wherein: 

said pulsed output beam has a spot size on 
said tissue of no greater than 1 mm. 

59. The methodW performing laser ablation on 
gtl 


tissue according t\> claiffi^fe wherein: 

said pulseVl output beam has a spot size on 
said tissue of no greater than 1 mm. 
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60. The method of performing laser ablation on 
tissue according to claim 48, wherein: 

successive pulses of said pulsed output 
beam are overlapped at least 50 percent. 

The method of performing laser ablation on 
tissue^according to claim 48, wherein: 

output beam is pulsed at a 


repetition rate 


least 20 Hz. 



62. The method of per: 


laser ablation on 


50 tissue according to claim 48, wherein: 


said pulsed output beam impulsed at a 
repetition rate of at least 50 Hz. 
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63. The method of performing laser ablation on 
tissue according to claim 48. wherein: 

said pulsed output beam is scanned 
synchronously with said pulses of said pulsed output 
5 beam. 

64. The method of performing laser ablation on 
tissue according to claim 48. wherein: 

an area of corneal tissue in a range of 0.05 
1° to 0.5 microns deep is removed with each pulse of 
said pulsed output beam. 

65. The method of performing laser ablation on 
tissue according to claim 48. wherein: 

15 said pulsed output beam is scanned in 

circular patterns. k 

66. The method of performing laser ablation on 
tissue according to claim 48. wherein: 

20 said pulsed output beam is scanned in linear 

patterns. 

67. The method of performing laser ablation on 
tissue according to claim 48. wherein: 

25 said pulsed output beam is scanned in 

concentric circles. 

68. The method of performing laser ablation on 
tissue according to claim 67. wherein: 

30 said concentric circles have increasing 

diameters. 


Apparatus for ablating tissue, comprising: 

a laser adapted to emit a pulsed output beam 

35 of ultrViolet wavelength at a repetition rate of at 

I least 20 jfc: and 
i \" — 

! I a scatoer constructed and arranged to 

! control said pulsefcLbeam into a substantially 

) overlappin g randomltefern of beam pulses on said 

! 40 tissue. 

! 

k j A /» AT) 70. The ap paratus for ablating tissuNuxording to 

/^>VV^ W f claim 69. wherein: X. 
/ ; said repetition rate is at least 50Hz. 


45 


50 


71. The apparatus for ablating tissue according to 
claim 69. wherein: 

said pulsed output beam has an energy level 
no greater than 10 mJ per pulse. 

72. The a pparatus for ablating tissue according to 
claim 69. wherein: 

said scanner is constructed and arranged to 


• ♦ 


overlap adjacent beam pulses on said tissue at least 
50 percent. 


73. The apparatus for ablating tissue according to 
claim 69, wherein: 


erern: 
laser 1 


^ said laser has a wavelength in a range of 193 
to 215 nm. 



74, The apparatus for ablating tissue according to 
10. claim 69, wherein: 

said laser has a wavelength of 193 nm. 

i 

75. The apparatus for ablating tissue according to 
claim 69, wherein: 

15 said laser is an excimer laser. 

^ *{\ \6. An ophthalmic surgery apparatus for performing 
tjf c<&neal refractive surgery by reshaping a portion of a 

corneal surface, said apparatus comprising: 
20 \ a laser adapted to emit a pulsed laser beam 

of less\han 20 mJ per pulse onto said corneal 
surface;\nd 

^computer-controlled scanning device 
coupled to\aid laser to overlap pulses of said pulsed 
25 laser beam o\ said corneal surface to achieve a 
smooth ablation of corneal tissue. 

77. An ophmalrmc surgery apparatus for performing 
corneal refractive Wgerv bv reshaping a portion of a 

30 corneal surface according to claim 76, wherein: 
said smoothWation results in a surface 
roughness of less than \ micron. 

78. A method of perfonrrmg corneal refractive 
35 surgery by reshaping a poraph of a corneal surface, 

said method comprising: 

substantially overlapping a plurality of 
ultraviolet laser beam pulses ovV an area of a corneal 
surface sufficient to ablate a depmin a range of 0.05 
40 and 0.5 microns of corneal tissue pfer ultraviolet laser 
beam pulse; 

said laser beam pulses havirig an energy 
level of no greater than 20 mJ per pulsV; and 
said laser beam pulses having apulse 
45 repetition rate of at least 50 pulses per se\ond. 

79. The method of performing corneal refractive 
surgery by reshaping a portion of a corneal surface 
according to claim 78, wherein: 

50 said laser beam pulses have an energy^evel 

of no greater than 10 mJ per pulse. 

80 The method of performing corneal refractive 


1 1 1 


i 


surgery by reshaping a portion of a corneal surface 
according to claim 79, further comprising: 

selecting a scanner to scan said overlapping 
plurality of laser beam pulses, said scanner deflecting 
5 said laser beam pulses a predetermined angle. 

81. The method of performing corneal refractive 
surgery by reshaping a portion of a corneal surface 
according to claim 80, wherein: 
10 said selected scanner is a galvanometer 

scanner. 

i ^"^^^Sa. An ophthalmic surgery apparatus, comprising: 



a laser adapted to emit a pulsed beam of less 
15 than 20 m>eer pulse: and 

" a comptrteL-controlled scanning device 

coupled to said laser su^hsthat pulses of said beam 
are substantially overlapped to^aehieve a smooth 
ablation of corneal tissue. 

20 

83. The ophthalmic surgery apparatus according to 
claim 82, wherein: 

1 1 said pulses are overlapped in a range of 50 

to 80 percent. 

he ophthalmic surgery apparatus according to 
claim 8??*whexein: 


30 


said laseris^riapte^toemit a pulsed beam 
of no greater than 10 mJ per pulse. 

85. The ophthalmic surgery apparatus according to 
claim 82, wherein: 

said pulsed beam has a spot size on said 
corneal tissue of less than or equal to 2 mm. 


^ ophthalmic surgery apparatus according to 


claim 82 


40 



said laserna^»4£petition rate in a range of 
50 and 50,000 Hz. 

87. The ophthalmic surgery apparatus according to 
claim 82, wherein said scanning device comprises: 
a galvanometer. 

45 " 88. The ophthalmic surgery apparatus according to 
claim 87, wherein: f 

said repetition rate of said laser is 
synchronized with said galvanometer. 

50 89. The ophthalmic surgery apparatus according to 
claim 82, wherein: 

successive pulses of said pulsed beam are 
rotated through a linear-scan angle by said scanning 


it 


# # 


device. 


/fZrT \p. A method of performing corneal refractive 

| y \ surgery by reshaping a portion of a corneal surface 

comprising: 

selecting a laser having a pulsed output 
beam o\ultraviolet wavelength and having an energy 
j level lessVhan 10 mJ/pulse; 

J selecting a scanning mechanism for 

j 10 scanning said laser output beam, said scanning 

| mechanism including a galvanometer scanning 

I mechanism for controlling said laser beam into an 

I overlapping pattern of adjacent pulses; 

| coupling said laser beam to said scanning 

| 15 mechanism for spanning said laser beam over a 

[ predetermined surface; 

focusing saad scanning laser beam onto a 
corneal surface; 

controlling sa\d scanning mechanism to 
20 deliver the scanning lasar beam in an overlapping 
pattern onto a plurality oppositions on the corneal 
surface to photoablate or pfrotocoagulate corneal 
tissue; and 

removing from O.O&to 0.5 microns of 
25 corneal tissue per pulse overlapped to remove tissue 
to a desired depth, whereby a patient's vision is 
corrected by the reshaping of th\ corneal surface of 
the patient's eye using a low powter laser. 

30 91. A method for performing ophthalmic surgery, 
comprising: 

pulsing an ultraviolet laser Beam; 
applying said pulsing ultraviolet laser beam 
onto corneal tissue; and 
35 scanning said pulsing laser beafta in a 

purposefully substantial overlapping pattern on said 
corneal tissue. 

92. The method of performing ophthalmic surgery 
40 according to claim 9 1 , wherein: 

said pulsing ultraviolet laser beam is pfylsed 
at a repetition rate of at least 20 Hz. 

. The method of performing ophthalmic surgery 
45 according to claim 91, wherein: 

said pulsing ultraviolet laser beam is pulsed 
at a repetition rate of at least 50 Hz. 

94. The method of performing ophthalmic surgery 
50 according to claim 9 1, wherein: 

said pulsing ultraviolet laser beam is 
sufficient to ablate a depth in a range of 0.05 and 0.5 
microns of corneal tissue per pulse. 


• # 


ft 


The method of performing ophthalmic surgery 
ackigrding to claim 9 1 , wherein: 

said pulsing ultraviolet laser beam provides 
an energy level of no greater than 10 mJ per pulse to 
said corneaktissue. 

96. The method on^rfonriing ophthalmic surgery 
according to claim 91, wherein: 

10 said ultraviolet laseSbeam provides an 

energy level of no greater than ZfonJ per pulse to 
said corneal tissue. 

97. The method of performing ophthalmic surgery 
15 according to claim 91, wherein: 

successive pulses of said ultraviolet laser 
beam are overlapped at least 50 percent. 

98. The method of performing ophthalmic surgery 
20 according to claim 91, wherein: 

successive pulses of said ultraviolet laser 
beam are overlapped in a range of 50 to 80 percent. 

99. A method for performing photocoagulation on a 
25 corneal surface, comprising: 

{ providing an infrared laser beam: 
qlying'said infrared laser beam onto 
corneal tissue; and 

scanning said infrared laser beam in a 
30 pattern to pho\ocoagulate corneal tissue. 

S^B Af%^ TQQl A method for performing photocoagulation on 
a corne^rhs«rface according to claim 100, wherein: 
said infefredjaser beam is emitted by a 
35 diode laser having a wavel&mthjn a range of 1 .54 to 
2.5 um. 

10\. A method for performing photocoagulation on 
a corneal surface according to claim 100, wherein: 
40 \ said infrared laser beam is emitted by a 

diode laser having a wavelength in a range of 1 .9 to 
2.5 u\ 

102 ; ^A-method for performing photocoagulation on 
45 a c^rneW surface according to claim 100, wherein: 
I \ said infrared laser beam is emitted by a 
dioqejaapr'naving a wavelength of 2.1 um. 

103. A method for performing photocoagulation on 
50 a corneal sWace according to claim 100, wherein: 
sa\d infrared laser beam is emitted by a 
diode laser naving a wavelength of 1.54 um. 


• 


104. A method for performing photocoagulation on 
a corneal surface according to claim 100, wherein 

kai\i jnfrarediaser beam has a power level' in 
a range of 1 5 to 100 m Watts. 
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Inventor(s): J. T. Lin ^| ^^(Atty. Dkt. 62-575) 

Appln. No.: 0 / or Patent Nd 
Filed: May 27, 1998 or Issued: 

Title: OPHTHALMIC SURGERY METHOD USING NON-CONTACT 
SCANNING LASER - 


VERIFIED STATEMENT (DECLARATION) CLAIMING SMALL ENTITY 
STATUS (37 CFR 1 .9(d) and 1 .27(c)) - SMALL BUSINESS CONCERN 

I hereby declare that I am 

[ ] the owner of the small business concern identified below: 

[X] an official of the small business concern empowered to act on behalf of the concern identified below: 

NAME OF CONCERN LaserSight. Incorporated 

ADDRESS OF CONCERN 1 2249 Science Drive. Suite 1 60 

Orlando, Florida 32826 


I hereby declare that the above identified small business concern qualifies as a small business concern as defined in 13 CFR 
121 .12, and reproduced in 37 CFR 1 .9(d), for purposes of paying reduced fees under Section 41 (a) and (b) of Title 35, United 
States Code, in that the number of employees of the concern, including those of its affiliates, does not exceed 500 persons . 
For purposes of this statement, (1) the number of employees of the business concern is the average over the previous fiscal 
year of the concern of the persons employed on a full-time, part-time or temporary basis during each of the pay periods of 
the fiscal year, and (2) concerns are affiliates of each other when either, directly or indirectly, one concern controls or has the 
power to control the other, or a third party or parties controls or has the power to control both. 

I hereby declare that rights under contract or law have been conveyed to and remain with the small business concern 
idenliffid above with regard to the invention entitled: OPHTHALMIC SURGERY METHOD USING NON-CONTACT 
ffc SCANNING LASER 


by favSntors(s) J. T. Lin described in 

X ] the Specification filed herewith, 

onfr^lj ] Application No. 0 / , filed . 

box J>[ X] Patent No. 5.520,679 , issued Mav 28. 1996 . 


I adtfrffwledge the duty to file, in this case, notification of any change in status resulting in loss of entitlement to small entity 
stat'fep rior to paying, or at the time of paying, the earliest of the issue fee or any maintenance fee due after the date on which 
staters a small entity is no longer appropriate. (37 CFR 1.28(b)) 

I hereby declare that all statements made herein of my own knowledge are true and that all statements made on information 
and belief are believed to be true; and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, under section 1001 of Title 18 of the United 
States Code, and that such willful false statements may jeopardize the validity of the application, any patent issuing thereon, 
or any patent to which this verified statement is directed. 


NAME OF PERSON SIGNING 


William I. Kern 


TITLE OF PERSON OTHER THAN OWNE R Vice President of Corporate Development 


ADDRESS OF PER 


SIGNATURE 


IGNING 159 Durham Place. Longwood, Florida 32779 
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DECLARATION AND POWER OF ATTORNEY FOR REISSUE APPLICATION 

I BY ASSIGNEE AND INVENTOR 

1: 

I: 

jWe, Dr. J. T. Lin and William I. Kern in support of the reissue declaration of 

inventor and assignee, declare and state as follows: 

|i 

i t 

1. fWe believe that Dr. J. T. Lin is the original, first and sole inventor of the 
invention entitled OPHTHALMIC SURGERY METHOD USING NON-CONTACT 

i , 

SCANNING LASER described and claimed in Letters Patent No. 5,520,679 issued on 

f ' 

May 28, 1996 from original Application No. 08/218,319 filed March 25, 1994, which is a 

i: 

Continuation-in-Part of Application No. 07/985,617, filed December 3, 1992, and 

described and claimed in the foregoing attached reissue application. We do not believe 

that this invention was known or used in the United States before Dr. J. T. Lin's 

invention thereof, or patented or described in any publication in any country before his 

h . - 
invention thereof or more than one year prior to the original application dates of 

December 3, 1992 or March 25, 1994, or in public use or on sale in the United States 

more than one year prior to the original application dates of December 3, 1992 or 

March |25, 1994. This invention has not been patented in any country foreign to the 

United States prior to the date of the original application on an application filed by Dr. J. 

T. Lin or his legal representatives or assigns more than 12 months before his original 

application. We have reviewed and understand the contents of specification and 

claimslas amended by the attached reissue application. ^ 


next to; 


Dr. J. T. Lin's residence, post office address and citizenship are as stated below 
his signature. 
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Certificate Under 37 C.F.R. § 3.73(b) 


3. jLaserSight, Incorporated certifies that it is the assignee of the entire right, title, 
and interest in U.S. Patent No. 5,520,679 by virtue of the assignment from Dr. J. T. 
Lin of ^Application Serial No. 08/218,319, filed March 25, 1994, recorded on reel 6939 
at frame 975. A copy of the assignment is attached herewith. 

'):■ 

*; 

4. jWilliam I. Kern is the Vice President of Corporate Development of LaserSight, 
Incorporated and he is authorized to act on behalf of assignee. William I. Kern's 

\ ; 

residence, post office address, and citizenship are as stated below next to his 

i' 

signature. 

i> " 

i' 

Consent of Assignee 

i. 

5. [The assignee consents to the accompanying application for reissue. 

f • 

d 1 

r 

Reason for Requesting Reissue 

6. |A/e now understand and believe that certain language is unnecessarily limiting 
and itsjinclusion in the claims of U.S. Patent No. 5,520,679 is an error introduced by 
prior counsel, who apparently failed to appreciate the significance of the invention. 
Thus, ive believe the original U.S. Patent No. 5,520,679 contains an error that occurred 
without deceptive intent that renders the patent partly inoperative as a legal document 
by reason of the patentee claiming less than he had a right to claim. 


Re-issue Declaration 
Patent No. 5,520,679 
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Summary of Prosecution File History 

5 : 

i. 

t; 

7. jf or the Examiner to fully understand the circumstances which gave rise to the 
decision to file this reissue application, the invention and the prosecution history of 

Application No. 08/218,319 are summarized. 

i i 

(Patent Application Serial No. 08/218,319 was filed on March 25, 1994, claiming 
priorityjfrom parent Application Serial No. 07/985,617, filed December 3, 1992. 
Application Serial No. 08/218,319 included claims directed to a method of performing 
cornea) | refractive surgery by reshaping a portion of the corneal surface using a laser. 

Original claim 1 recited: 

I ; 

! selecting a laser having a pulsed output beam of 

| predetermined ultraviolet wavelength and having an energy 

| level less than 10 mJ/pulse; 

j selecting a scanning mechanism for scanning said 

\ selected laser output beam; 

j coupling said laser beam to a scanning device for 

\ scanning said laser beam over a predetermined surface 

\ area; 

| focusing said scanning laser beam onto the corneal 

j surface of a patient's eye to a predetermined spot size; 
j aligning the center of the said scanning laser beam 

j; onto the patient's eye corneal surface with a visible aiming 

| beam; and 

| controlling the scanning mechanism to deliver the 

j scanning laser beam in a predetermined overlapping pattern 

} onto a plurality of positions on the corneal surface to 

| photoablate or photocoagulate the corneal tissue whereby a 

I patient's vision is corrected by reshaping of the corneal 

5 surface of the patient's eye. 

i ■ 

In a first Official Action, dated April 4, 1995, the Examiner rejected claims 1-25 
for informal reasons, claims 1, 12-19, 24 and 25 as allegedly being anticipated by U.S. 
Patent Np. 4,729,372 (L'Esperance) under 35 U.S.C. § 102(b) and claims 3-13 and 20- 
23 as allegedly being obvious over L'Esperance under 35 U.S.C. § 1 03. In particular, 


J 1 

Re-issuel Declaration 
Patent fjlo. 5,520,679 
Page 4 \ 

the Examiner alleged that L'Esperance "discloses a method and apparatus for r 
performing laser surgery on the eye as claimed, including the steps of coupling the 

laser to, a scanning device 14 to deliver a scanned beam to the corneal surface." The 

t" 

Examiner admitted that L'Esperance does not disclose "the particular parameters 
recited" in the claims, but alleged that to provide L'Esperance "with the particular 

| 

irradiation ranges and parameters recited would have been obvious to an artisan of 

ordinary skill in the art for facilitating the corrective therapeutic outcomes." 

I, 

^An Amendment responsive to the first Official Action was filed on August 4, 
1995. j Claims 1 , 2, 5-12, 14-19 and 25 were amended to address informalities. Claim 
1 was also amended to recite the removal of from .05 to .5 microns of corneal tissue per 
pulse, jjhe Applicant argued that L'Esperance did not teach using an irradiation energy 
level of ;! 10 mJ/pulse or less or removal of from 0.5 to .5 microns of corneal tissue per 
pulse as recited. The Applicant pointed out that L'Esperance proliferated the use of 
conventional high power laser beam equipment by teaching the removal of 14 microns 

f :; 

of tissue per pulse, i.e., 42 times the maximum amount recited in claim 1 of the 
application. 

!ln a second Official Action dated November 21, 1995, the Examiner rejected 
claimsh and 5-25 under 35 U.S.C. § 103 as allegedly being obvious over L'Esperance. 
Claim J 2-4 were deemed to include informal errors but nevertheless to recite allowable 
subject matter. The Examiner correctly understood that the invention was "directed 
towards reducing the size and power of the laser for performing this surgery." The 
Examiner admitted that L'Esperance disclosed laser power far outside of the claimed 
range, ji.e., having a maximum power of 200 mJ/pulse in a disclosed embodiment which 
removes 1 4 microns of tissue per pulse. 

'An Amendment responsive to the second Official Action was filed on December 
22, 1995. Claim 1 was amended to incorporate the subject matter of allowable claim 2, 


claims 


3 and 4 were amended to be dependent upon claim 1 , and claim 25 was 


canceled. The Amendment was entered and the Examiner issued a Notice of 



_|ef 
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Allowability on January 31, 1996, and U.S. Patent No. 5,520,679 issued on May 28, 

1996.| 

\ • 

i- 

How the Error Was Discovered 

V 

8. jThrough consultation with counsel, the Assignee became aware that the 

presence of language relating to a visible aiming beam in claim 1 was not required to 

j ' 

distinguish from the prior art, nor was the feature ever discussed in the file history. 

The Error Was Made Without Deceptive Intent 

i ■ 

r 
S ? 

9. lAII errors being corrected by the request for re-issue of Patent No. 5,520,679 

i; 

were made without deceptive intent. 

' i; 

!' 

5 1 

How the Error is Corrected 


10. To correct the error, new claims 24 through 98 have been added which do not 
require a "visible aiming beam." The Applicant had a right to claim the invention 

f: 

without ; requiring a "visible aiming beam," as is clear from a review of the prosecution 

historyf and cited art. 

! ,: 

for instance, in the Notice of Allowability dated January 31, 1996, the Examiner 

i ; 

stated pie following reasons for allowance: 

ii 

"L. the claims now set forth a specific method for performing corneal refractive 
surgery which includes the steps of selecting a particular laser source and 
scanning mechanism, and controlling the scanning mechanism to remove a 
specific amount of corneal tissue through the use of a low power laser. The prior 
art fails to anticipate or fairly suggest the method steps as set forth in the 
claims." 
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fWe now understand and believe that the language relating a visible aiming beam 

is unnecessarily limiting and its inclusion in the claims is an error introduced by our prior 

j 1 

counsel, who apparently failed to appreciate the significance of the invention. The 
"visible aiming beam" feature was not argued or even referred to by the Applicant or by 
the examiner during prosecution of the subject '679 patent. Thus, the new claims 
presented herewith which do not recite a visible aiming beam should be allowed over 
the prior art of record for the same reasons the Examiner allowed the claims of the 
subject '679 patent. 


11. JNo new matter has been added by new claims 24 through 1 04. Support for each 
of the following new claims can be found in the parent Application Serial No. 
07/985,617, filed on December 3, 1992, inter alia as follows: 


Support for New Claims 


New 


[New 


claim 24 at page 6, line 19, page 10, line 20, and page 19, line 25; 
claims 25, 49, 79, 84 and 95 at page 6, lines 12-13; 
claims 26, 50 and 96 at page 15, line 7; 


INew 


claim 27 at page 19, line 14; 

claims 28-31, 40 and 57-59 at page 13, line 10 and page 19, line 16; 

claims 32, 41, 60, 72 and 97 at page 13, line 9; 

claims 33, 34, 43, 62, 70 and 93 at page 10, line 15; 

claims 35, 44 and 63 at page 15, lines 22-23; 

claims 37, 46 and 65 at page 23, lines 1-2; 

claims 38, 47, 66 and 89 at page 23, line 17; 


iNew 


i 


New 


New 



New 


New 


New 


claims 39 and 76 at page 13, lines 9-13, and page 15, line 7; 
claims 42, 61 and 92 at page 19, line 25; 

claim 48 at page 6, line 11, page 14, lines 8-10, page 15, line 22 through 
page 16, line 7, page 23, lines 21-29, and Figs. 6A-6D; 


New 


New 


# 

i , 

Re-issueJ Declaration 
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is 

New claim 51 at page 22, line 9; 
I^Jew claim 52 at page 6, line 14; 

New claim 53, 54, 73 and 74 at page 6, line 1 1 ; 

V 

New claim 55 at page 4, line 29; 
New claim 56 at page 19, line 14; 

New claims 67 and 68 at page 23, lines 1-20, and Fig. 6B; 

i 

New claim 69 at page 15, line 22 to page 16, line 7, page 23, lines 21-29, and 

I- 

j: Figs. 6A through 6D. 

i 

New claim 75 at page 6, line 1 3; 

New claim 80 at page 15, lines 22-33; 

i ' 

New claims 81 and 87 at page 14, lines 8-10; 

New claims 82, 83 and 98,at page 13, lines 5-9, and 15, line 7; 

New claim 85 at page 6, line 21 ; 

!; 

New claim 86 at page 4, line 28; 

ij • ' 

New claims 91 and 99 at page 6, line 18 to page 7, line 12; 

| 

iNew claims 102 and 103 at page 18, lines 10-11; and 
New claim 104 at page 19, line 22. 

jsupport for each of the following new claims can be found in Application Serial 

No 08^218,319, filed on March 25, 1994, inter ilia as follows: 

( j 

jNew claims 36, 45, 64, 78 and 94 at page 15, line 7, page 27, line 26 in 
combination with page 29, line 16; 

jNew claim 77 at page 32, line 5; and 

||vjew claims 100 and 101 at pages 9 and 10. 

jsupport for new claim 90 can be found at patent claim 1 . 
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Acknowledgment of Duty of Disclosure 

1 2. |We acknowledge the duty to disclose to the United Stated Patent and Trademark 
Office jinformation which is material to the examination of this reissue application in 
accordance with 37 C.F.R. §1. 56(a). 

I' 

i. 

Offer to Surrender Patent 

} „ 

i 

i , 

13. ]We request that we may be allowed to surrender, and hereby offer to surrender our 

said Ills. Letters Patent No. 5,520,679 before allowance of the reissue application, and 

ji 

that Letters Patent may be issued for the same invention upon the foregoing amended 

I ) 

specification and claims. 

H 

t, 

* ■ 

li 

Power; of Attorney and Correspondence Address 

r. 
! 

14. {We hereby appoint the registered patent attorney's represented by Customer No. 
2073616 prosecute this reissue application and transact all business in the U.S. Patent and 

|: 

Trademark Office connected herewith. Please direct all correspondence to: 

I; 

j .William H. Bollman 

[ Farkas & Manelli, PLLC 

• 2000 M Street, N.W., 7 th Floor 
I Washington, D.C. 20036-3307 
| Tel: (202)261-1000 

I Fax:(202)861-0336 


Ma.y-21 -98 


03:04P Wil lMam H. Bol lman ^^■P93-542S P. 12 
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15. | We declare that all statements made herein of our own knowledge are true and that 

all statements made on information and belief are believed to be true; and further that the 

i : 

statements were made with the knowledge that willful false statements and the like so 

made are punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of 

|: 

the United States Code and that such willful false statements may jeopardize the validity 

! : 

of this reissue application or any patent issued thereon. 



Inventor's Signature: \ "vrHn^" Date: 


Inventor's Name: J. T. Lin U.S.A. 

i First Middle Initial Family Name Country of Citizenship 

! 

Residence »Citv): Winter Springs iState/Foreiqn Country) Florida 

i , 

Post Office Address (Include Zip Code): 730 Willow Run fane. Winter Springs. 


i Florida 32792 

i 



Assignee: 

Signature: V f^h6<J^ Date: a!* ( ^ ^ 


Bv: i William L Kern U.S.A. 

' First Middle Initial Family Name Country of Citizenship 

1 1 

Assignee's Title: Vice President of Corporate Development. LaserSioht. Incorporated 

I 

Residence (City): Lonqwood (State/Foreign Country) Florida 

j: 

Post Office Address (Include Zip Code): 1 59 Durham Place 

! 

I Lonowood. Florida 32779 


United States Patent & Trademark Office 

Office of Initial Patent Examination - Scanning Division 
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1. Application papers are not suitable for scanning and are not in compliance with 37 CFR 
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